ABSTRACT. Crack closure influences fatigue crack growth rate and must be included in the design of components. Plasticity induced crack closure is intimately linked with the crack tip plastic deformation, which becomes residual as the crack propagates. The objective here is to study numerically the effect of crack propagation on crack tip fields. The transient effect observed at the beginning of crack propagation is linked to the hardening behavior of material. The effect of mesh refinement is studied, and a singular behavior is evident, which is explained by the sharp crack associated with mesh topology, composed of a regular pattern of square elements. The plastic zone size measured perpendicularly to crack flank in the residual plastic wake is quantified and compared with literature models. Finally, the removal of material at the first node behind crack tip with load cycling was observed for plane strain state and some hardening models in plane stress state.
INTRODUCTION
rack closure is a phenomenon which consists of the contact of the fracture surfaces during a portion of the load cycle. This contact affects the local stress and plastic deformation fields near the crack tip, and therefore, the intrinsic micromechanisms responsible for fatigue propagation (cyclic plastic deformation, oxidation, creep, etc.). According to Elber's understanding of crack closure [1] , as the crack propagates due to cyclic loading, a residual plastic wake is formed. The deformed material acts as a wedge behind the crack tip and the contact of fracture surfaces is forced by the elastically deformed material. Plasticity induced crack closure (PICC) is intimately related with the monotonic and reversed plastic deformation occurring at the crack tip. The forward or monotonic plastic zone is constituted by the material near the crack tip undergoing plastic deformation during loading. Major parameters are the maximum load, the stress state and the isotropic component of hardening. On the other hand, the reversed plastic zone is formed by the material near the crack tip undergoing compressive yielding during unloading. The amplitude of stress intensity factor, K, the stress state and the kinematic hardening are expected to have a major influence on reversed plastic deformation. However, the plastic deformation at a Gauss point is a complex phenomenon, occurring progressively as the crack tip approaches it, depending on the hardening model, loading parameters and finite element mesh, among other parameters. The main objective here is to study numerically the effect of crack propagation on crack tip fields. The effect of mesh refinement, stress state and hardening model are considered. The numerical simulations were performed with a threedimensional elasto-plastic finite element program (DD3IMP) that follows a fully implicit time integration scheme.
C

NUMERICAL MODEL
Middle-Tension (M(T)) specimen, in agreement with ASTM E647 standard, is studied here. An initial crack length of a 0 =5 mm was assumed. Due to symmetry conditions, only 1/8 of the MT specimen was simulated, considering adequate symmetry conditions. The material used for this research was the 6016-T4 aluminium alloy (HV0.5=92). In order to model the hardening behaviour of this aluminium alloy, three types of mechanical tests were performed: uniaxial tensile tests and monotonic and Bauschinger shear tests. From the experimental data and curve fitting results, for different constitutive models, it was determined that the mechanical behaviour of this alloy is better represented using an isotropic hardening model described by a Voce type equation:
combined with a non-linear kinematic hardening model described by a saturation law:
In previous equations Y is the equivalent flow stress, p  is the equivalent plastic strain, Y 0 is the initial yield stress, R sat is the saturation stress, n  , Cx and Xsat are material constants,  σ is the deviatoric stress tensor, X is the back stress tensor, p   the equivalent plastic strain rate and p   the equivalent stress. The materials constants determined for the batch of material in study, that were used in the numerical simulations, are: Y 0 =124 MPa, R sat =291 MPa, n  = 9.5, C x = 146.5 and Xsat= 34.90 MPa [2] . Fig. 1 presents the finite element mesh, which was refined at the crack front to model the severe plastic deformation gradients and enlarged at remote positions to reduce the numerical effort. The size considered for the linear isoparametric square elements around the crack front was L 1 =8 m, 16 m or 16 m. To overcome convergence difficulties, crack propagation was simulated by successive debonding of nodes at minimum load. Each crack increment (ai) corresponded to one finite element and two load cycles were applied between increments. In each cycle, the crack propagates uniformly over the thickness by releasing both current crack front nodes. The numerical simulations were performed with the Three-Dimensional Elasto-Plastic Finite Element program (DD3IMP) that follows a fully implicit time integration scheme [3, 4] . The mechanical model and the numerical methods used in the finite element code DD3IMP, specially developed for the numerical simulation of metal forming processes, takes into account the large elastic-plastic strains and rotations that are associated with large deformation processes. To avoid the locking effect a selective reduced integration method is used in DD3IMP18. The optimum values of the numerical parameters of the DD3IMP implicit algorithm have been already established in previous works, concerning the numerical simulation of sheet metal forming processes [5] and plasticity induced crack closure [6] .
NUMERICAL RESULTS
ig. 2a and 2b show stress-strain curves registered for a Gauss point when the crack propagates approaching it, as illustrated in Fig. 2c . The Gauss point suffers plastic deformation at the first load cycle, which indicates that it is within the first forward plastic zone, but it doesn't experience reversed plasticity. As the crack tip approaches the Gauss point, the monotonic plastic deformation increases and reversed plastic deformation starts. The plastic deformation has he highest magnitude when the Gauss point is immediately ahead of crack tip (position n in Fig. 2c ). The comparison of Fig. 2a and 2b indicates that plastic deformation level is significantly higher for a mesh with 8 m elements (M8) compared with a mesh with 32 m elements (M32). In fact, the reduction of mesh size approaches the Gauss tip to crack flank, which increases the stress concentration factor. Additionally, more load cycles are applied when the crack approaches the Gauss point. Other Gauss points have similar behavior; however the levels of monotonic and reversed plastic deformation, and therefore the residual plastic deformation, vary. The location of the Gauss point relatively to the initial crack tip position has a major influence on residual plastic deformation. Fig. 3 presents the equivalent plastic strain along crack flank, which remains after crack propagation. A peak is evident at the beginning of crack propagation (a0=5 mm), which is followed by a progressive decrease until a stabilization is reached. The material hardening model influences the plastic deformation level, but not the global trend. The kinematic hardening model gives higher plastic deformation levels, which is linked to the occurrence of reversed plastic deformation during unloading. Fig. 4 shows the effect of stress state and mesh refinement. A peak still is observed at the beginning of crack propagation, but the deformation increases with crack propagation for the plane strain state which wasn't expected. The use of finite elements with 8 m at the crack tip (mesh M8) instead of 16 m elements (mesh M16) increases the plastic deformation level. This could be expected since the decrease of element size approaches the Gauss points to the crack tip and additionally more load cycles are applied because the crack increments are smaller. Therefore the monotonic and reversed plastic deformation levels, and consequently the maximum stress and plastic deformation, are higher for mesh M8 compared to the mesh M16. Fig. 5b presents normalized stress-strain curves (yy-yy), registered as the crack propagates under plane stress conditions, for Gauss points (GP) in different elements ahead of the initial crack tip (E1, E2, E8 in Fig. 5a ). The crack is initially at position C0 indicated, and propagates ahead of element 8 (E8). The non-linear behaviour of the yy-yy curves at the first loading indicates the occurrence of yielding in all the elements analysed, i.e., that the initial monotonous plastic deformation extends ahead of element 8. However, the plastic deformation level is significantly higher for element E1, because it is closer to the crack tip. When the crack is extended one element, element E2 is immediately ahead of crack tip but the deformation does not reach the level obtained previously for element E1, which is due to the previous hardening.
This phenomenon explains the peak values observed in Fig. 3 and 4 at the beginning of crack propagation. The difference between elements E2 and E8 is relatively small, which explains the stabilization observed in Fig. 3 As already observed in Fig. 2a and 2b , the size of finite elements at the crack tip has a major influence on plastic deformation level. Fig. 6 shows the effect of element reduction down to nanometer sizes on maximum plastic deformation. There is a progressive increase of plastic deformation with mesh refinement without convergence, typical of a singular behavior. The finite element mesh used to model crack propagation, composed of a regular pattern of square elements ahead of initial crack tip, as can be seen in Fig. 1 and 5a, assumes a sharp crack, which has a singular behavior. Assuming a finite value for the crack tip radius, convergence is obtained with mesh refinement. However, depending on radius, the mesh required may be quite refined and the modeling of crack propagation to form the residual plastic wake is not easy with a finite crack tip radius. 
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Another relevant aspect is the size of crack tip plastic zone. Fig. 7 shows the effect of load level and stress state on plastic zone size measured in the residual plastic wake perpendicularly to crack flank. The boundary was defined for a plastic deformation of 0.2%, which is usually considered to be the onset of plastic deformation in tension tests. The monotonic plastic zone increases with load level and, for the maximum load studied (Kmax=11.9 MPa.m 1/2 ; max/ys=70%), a size of 1.27 mm was observed. Lower values were obtained for plane strain state, but the effect of load is clearly dominant in Fig.  7 . The size of crack tip plastic deformation zone has been widely studied for static loads, being usually represented in the form:
where K is the stress intensity factor and ys is material's yield stress. Considering only the singularity stress field, =1/6 for plane strain state and three times larger for plane stress state (=1/2) [7] . However, Clavel et al. [8] proposed a factor of two. Considering the stress redistribution produced by plastic deformation, Rice [9] proposed =1/3 and =1/ for plane strain and plane stress states, respectively, assuming small scale yielding and a perfectly plastic behaviour. Dugdale [10] proposed =/8 for plane strain state. For steels and aluminium alloys and plane strain state, Dias et al. [11] proposed: 2 0.196 129 0.928
Fig . 7 shows the results obtained with the models of Dugdale and Dias, which are significantly different from the numerical predictions. However, notice that the literature models were obtained for =0º, i.e., ahead of crack tip, and for static loads. In PICC studies the size perpendicularly to crack flank, i.e., for =90º, is more relevant. The sizes proposed here for plane stress and plane strain states are, respectively: 2 0.11
3.1
1.64 The crack profile is also a main issue. A phenomenon of material removal was observed numerically under specific conditions, having a major influence of the closure level. Fig. 8 shows the variation of the near crack tip profile in a numerical simulation performed considering pure kinematic hardening behaviour and plane stress state. The crack was submitted to 15 propagations with 2 load cycles between each, and after that, 20 load cycles were applied without propagation. As can be concluded from the figure, the increasing number of load cycles affects the position of the node immediately behind the crack tip, moving it upward. Therefore, the first two loading cycles produce plastic deformation, and consequently, crack closure. Subsequent unloading and loading cycles takes material from behind the crack tip reducing closure. A similar phenomenon was observed for elastic-perfectly plastic behaviour. For plane strain state was observed independently of material model, however this affects the extent of the phenomenon. The same phenomenon has been reported also by Antunes et al. [12] and Jiang et al. [13] for pure kinematic hardening models in 2D plane stress analysis. Toribio et al. [14] developed a high-resolution finite-element simulation of a plane-strain tensile crack with finite radius. Elastic-perfectly plastic behaviour was assumed and deformed shapes revealed the mechanism of material transfer from the crack front onto lateral faces of the crack. 
CONCLUSIONS
lasticity induced crack closure is intimately linked to crack tip plastic deformation. Along crack flank, the plastic deformation presents an initial peak of plastic deformation. This peak was explained by the initial plastic deformation occurring at the first loading. The elements suffering progressive increase of load level showed lower plastic deformation levels as a consequence of hardening. The crack propagation stabilizes the plastic deformation and the plasticity induced crack closure (PICC). The decrease of mesh size was found to increase progressively the maximum plastic deformation without convergence, which is typical of a singular behavior. Convergence is achieved considering a finite value for the crack tip radius, but conciliate crack propagation modeling with a finite crack tip radius is not easy. The size perpendicularly to crack flank was measured and compared with literature models. Significant differences were found relatively to literature models. However these models were defined for =0º, i.e., ahead of crack tip, and for static loads, while the present results were obtained for a residual plastic wake formed by crack propagation.
